Translocated in liposarcoma (TLS) is an RNA-binding protein and a transcription-regulatory sensor of DNA damage. TLS binds promoter-associated noncoding RNA (pncRNA) and inhibits histone acetyltransferase (HAT) activity of CREB-binding protein (CBP)/E1A-binding protein P300 (p300) on the cyclin D1 (CCND1) gene. Although post-translational modifications of TLS, such as arginine methylation, are known to regulate TLS's nucleocytoplasmic shuttling and assembly in stress granules, its interactions with RNAs remain poorly characterized. Herein, using various biochemical assays, we confirmed the earlier observations that TLS is methylated by protein arginine methyltransferase 1 (PRMT1) in vitro. The arginine methylation of TLS disrupted binding to pncRNA and also prevented binding of TLS to and inhibition of CBP/p300. This result indicated that arginine methylation of TLS abrogates both binding to pncRNA and TLS-mediated inhibition of CBP/p300 HAT activities. We also report that an arginine residue within the Arg-Gly-Gly domain of TLS, Arg-476, serves as the major determinant for binding to pncRNA. Either methylation or mutation of Arg-476 of TLS significantly decreased pncRNA binding and thereby prevented a pncRNA-induced allosteric alteration in TLS that is required for its interaction with CBP/ p300. Moreover, unlike WT TLS, an R476A TLS mutant did not inhibit CCND1 promoter activity in luciferase reporter assays. Taken together, we propose the hypothesis that arginine methylation of TLS regulates both TLS-nucleic acid and TLSprotein interactions and thereby participates in transcriptional regulation.
tional coregulator, which methylates both histone and nonhistone proteins. For example, PRMT1 regulates histone H4 arginine 3 dimethylation, in which the histone marks can be recognized by TDRD3 for transcriptional activation (11) . PRMT1 also methylates RIP40 and abolishes its corepressor activity for nuclear receptors (12) . TLS is methylated by PRMT1 both in vitro and in vivo (13), and arginine residues within the three RGG domains of TLS are subjected to extensive asymmetric dimethylation by PRMT1 (14 -17) . Moreover, TLS methylation by PRMT1 also modulates the nuclear import of TLS via impeding transportin binding (8) , suggesting that protein-protein interactions of TLS are probably regulated by arginine methylation. Ewing sarcoma (EWS) a structure similar to TLS, comprising three RGG domains, and exhibits the ability to bind to G-rich DNA and RNA, which fold into G-quadruplex structures (18) . Moreover, the methylation of the RGG domain decreases the binding ability of EWS to bind to G-quadruplex DNA in vitro (18) , suggesting that protein-nucleic acid interactions can be modulated through arginine methylation.
In this study, we have investigated interactions between pncRNA-D and methylated TLS and explored mechanisms by which TLS methylation regulates binding to long noncoding RNAs (lncRNAs) and also regulates CBP/p300 HAT activities. We performed in vitro methylation assays to monitor activities of PRMT1 in response to methylation and found that methylation repressed the binding of TLS to pncRNA-D. In addition, arginine residue Arg-476 in the RGG3 domain of TLS was identified as the pncRNA-D-binding residue, and methylation of the Arg-476 residue strongly inhibited pncRNA-D binding. In agreement with these findings, methylated TLS failed to bind pncRNA-D, resulting in a subsequent inhibition of interactions with CBP/p300, and restoration of CBP/p300 HAT activities from TLS-mediated suppression. Furthermore, a reporter assay revealed that substitution of Arg-476 with alanine in TLS disrupted its inhibition of CCND1-driven promoter activity. These findings are significant evidence that arginine methylation of TLS regulates the biological effects of noncoding RNA and affects the regulatory function of TLS on gene expression.
Results

Methylation of TLS by PRMT1 represses pncRNA-D binding in vitro
Among the lncRNAs transcribed from the promoter region of CCND1 (Fig. 1A) , pncRNA-D is the transcript whose expression is most strongly induced after DNA damage (4, 5) . In our previous study, full-length pncRNA-D was identified as a lncRNA of 602 nucleotides that is able to bind to TLS (5) . To determine the effects of TLS methylation on RNA binding, we first performed in vitro methylation assays using bacterially expressed GST-TLS and Strep-PRMT1, followed by Western blot analysis with an anti-dimethylarginine antibody. These experiments showed that GST-TLS was methylated by PRMT1 in vitro in the presence of the methyl donor SAM (Fig. 1B) . To examine the specificity of pncRNA-D binding, the HeLa cell nuclear extract pulldown assays were performed, and the RNA-bound endogenous TLS was detected using an anti-TLS antibody. The Dynabeads-bound, biotinylated full-length pncRNA-D showed binding to endogenous TLS, but TLS did not bind to a 12-mer synthetic oligonucleotide with randomized sequences (Fig. 1C) . Consistent with a previous study (5) , pncRNA-D fragment (5Ј(1-1); nucleotides 32-44) also exhibited a level of binding to endogenous TLS similar to that of the full-length pncRNA-D (Fig. 1C) . The Dynabeads without RNA Figure 1 . Arginine methylation of TLS inhibits the interaction with pncRNA-D. A, the pncRNA-D locus (top) and the high-affinity binding site of pncRNA-D (5Ј(1-1); from nucleotide 32 to 44) to TLS (bottom). B, methylation of GST-TLS by PRMT1 in vitro. The methylated TLS was detected by an anti-dimethylarginine antibody. An unrelated band is indicated with a star. C, endogenous TLS from HeLa cell nuclear extract bound to both full-length and 5Ј(1-1) of pncRNA-D. D, RNA pulldown assay using biotinylated pncRNA-D was performed with incubation with the unmethylated and methylated GST-TLS; 20% of the protein used for the RNA pulldown assays was loaded as input.
Arginine methylation inhibits RNA binding
binding pulled down from the HeLa nuclear extract were used as a negative control.
In subsequent total RNA-binding assays, we determined changes in global RNA binding before and after methylation of TLS. The recombinant GST-TLS protein was methylated in vitro before incubation with HeLa cell total RNA. Arginine methylation reduced the binding of TLS to the HeLa cell total RNA to 40% (Fig. S1 ). To determine whether arginine methylation of TLS also reduces its binding to pncRNA-D, biotinylated pncRNA-D pulldown assays were performed, and the result demonstrated that arginine methylation of TLS clearly decreased the binding to pncRNA-D ( Fig. 1D ). Consistent with this, SimplyBlue staining of the proteins that were pulled down confirmed the result that arginine methylation of TLS reduced its interactions with pncRNA-D. Our findings revealed that methylation of TLS by PRMT1 inhibits pncRNA-D binding.
Identification of Arg-476 residue as a pncRNA-D-binding site
Our previous MS analyses identified 16 methylated arginine residues of TLS; 15 of the 16 arginine residues are found in RGG domains, and one is located in the zinc-finger domain of TLS ( Fig. 2A) (19) . The RGG domain is a common human RNAbinding domain, and arginine residues of TLS located at RGG domains are the preferred substrates for PRMTs (15) . Thus, to determine which arginine residues contribute to pncRNA-D binding, we performed binding assays of TLS fragments. Initially, we divided TLS into four GST-tagged fragments bearing functional domains ( Fig. 2A ) and performed subsequent biotinylated pncRNA-D pulldown assays. The results revealed that among these domains, the RGG2-zinc finger-RGG3 (fragment 4) domain exhibited the strongest binding to pncRNA-D ( Fig.  2B ), as reported in our previous study (5) . In agreement with the full-length GST-TLS-binding assay, methylated GST-TLS fragment 4 failed to bind pncRNA-D. More detailed analyses indicated that the arginine residue Arg-394 in the RGG2 domain was consistently dimethylated (19) , and the mutation of the other arginine residue (Arg-407) did not affect binding with pncRNA-D ( Fig. S2 ). Because the zinc-finger domain binds RNA with low affinity (20) , we excluded it and the RGG2 domain from further analyses and focused on investigating arginine residues in the RGG3 domain. A, TLS methylation sites and the fragments. TLS contains a total of 16 arginine residues (arrows) that can be methylated. B, biotinylated pncRNA-D was pulled down with unmethylated or methylated TLS fragments 1-4. The pncRNA-Dbound TLS fragments were detected by Coomassie Brilliant Blue staining; 20% of the protein was loaded as input. C, GST-TLS constructs with the substitution of arginine by alanine are indicated as mut1 (R476A and R481A), mut2 (R487A and R491A), and mut3 (R495A and R498A). D, arginine methylation levels of GST-TLS mutants (mut1, mut2, and mut3) were detected by an anti-dimethylarginine antibody. E, biotinylated pncRNA-D was incubated with TLS mutants (mut1, mut2, and mut3). The pncRNA-D-bound TLS was detected by an anti-TLS antibody. F, biotinylated pncRNA-D fragment 5Ј(1-1) was incubated with synthesized peptides (RGG3, TLS amino acids 471-503) with one of their arginine residues methylated (R476me and R481me). Samples were stained with the SimplyBlue TM SafeStain for analysis. The intensity of the bands was measured by ImageJ and applied in the box plot analysis. n ϭ 3. *, p Ͻ 0.05. 20% of the protein used for RNA pulldown assays was loaded as input.
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To examine whether arginine residues in the RGG3 domain participates in pncRNA-D binding, we designed GST-TLS constructs in which pairs of arginine residues were substituted with alanine ( Fig. 2C ). We then compared methylation levels among those constructs using an anti-dimethylarginine antibody (Fig.  2D ). In these experiments, all samples were detected by Western blotting analyses, but both mut1 (R476A/R481A) and mut2 (R487A/R491A) mutants showed decreased methylation levels compared with the other constructs. In agreement with these methylation data, pncRNA-D pulldown assays showed that the mut1 mutant had a low binding level to pncRNA-D ( Fig. 2E ). Although the mut2 mutant showed a decreased methylation level, its binding intensity to pncRNA-D fluctuated with protein concentration (data not shown), suggesting that this pair of arginine residues is recognized by PRMT1, but does not mainly regulate the pncRNA-D interaction. Accordingly, a mutant with all potential methylated arginines outside the RGG3 domain and two arginines in the RGG3 domain (R476A and R481A) as mutations showed almost no binding to pncRNA-D ( Fig. S2B , mutRGG3-2). Therefore, we investigated the Arg-476 and Arg-481 residues in further analysis using a synthetic TLS RGG3 peptide (amino acids 472-503; Table 1 ) with a methylated Arg-476 or Arg-481 residue. In these experiments, the biotinylated 5Ј(1-1) was used for RNA pulldown assays. The results revealed that the TLS peptide bearing the methylated Arg-476 (R476me) showed much less binding to the biotin-5Ј(1-1) than the WT and the Arg-481-methylated (R481me) peptides ( Fig. 2F ).
Together, these data indicate that the C terminus of TLS interacts with pncRNA-D and that Arg-476 within the RGG3 domain is a major determinant for binding to pncRNA-D. Methylation of the Arg-476 residue of TLS dramatically decreases its interaction with pncRNA-D.
Methylation of TLS inhibits pncRNA-D-mediated allosteric alterations
Our previous data showed interactions between the N and C termini of TLS in the absence of RNA (4). The allosteric alterations (dissociation of N and C termini) by RNA activate TLS, leading to the transcriptional repression of CCND1. Because methylation inhibits the RNA binding of TLS, the pncRNA-Dmediated allosteric alteration of TLS could be affected by arginine methylation. Therefore, we characterized the functional alteration of TLS in binding analyses of SYGQ-rich (fragment 1; N terminus) and RGG2-zinc finger-RGG3 (fragment 4; C terminus) domains. The GST tag was removed from GST-TLS fragment 4 using a cleavage enzyme, and the fragment 4 peptide was confirmed using an antibody against the RGG3 domain (data not shown). Bacterially expressed GST-TLS fragment 1 was purified from GSH-agarose beads and was used to pull down the tag-removed TLS fragment 4 to determine TLS-binding ability. It has been reported that bacterial RNAs from GST-TLS samples could activate TLS by disrupting the interactions between the N and C termini (4) . Consistent with this finding, the subsequent experiment showed that the fragment 4 did not bind the bacterially expressed fragment 1 (Fig. 3A, lanes 2 and  3) . However, after treatment with the calcium-dependent micrococcal nuclease (MNase), fragment 4 was able to bind fragment 1 (Fig. 3A, lane 4) . Moreover, after inhibition of MNase activity by EGTA, these fragments dissociated in the presence of pncRNA-D (Fig. 3A, lane 5) , although methylated fragment 4 remained bound to fragment 1 (Fig. 3A, lane 6) , even in the presence of pncRNA-D (Fig. 3A, lane 7) . Together, these data further indicate that the C terminus of TLS can act as a binding domain for pncRNA-D and that methylation inhibits interactions with pncRNA-D and disrupts RNA-mediated allosteric alteration of TLS.
To examine whether the mutations in arginine residues affect the association of N-and C-terminal TLS fragments, we performed fragment-binding assays in which the fragment 4 contained either an R476A or R481A mutation. Both mutants of TLS fragment 4, as well as the WT, showed no binding with TLS fragment 1 due to bound bacterial RNAs (Fig. 3B , lanes 2, 5, and 8). TLS fragment 1 and 4 interactions were observed by treating with MNase ( Fig. 3B, lanes 3, 6, and 9 ). After the inhibition of MNase activity, the WT and R481A mutant of fragment 4 exhibited dissociation from fragment 1 in the presence of pncRNA-D (Fig. 3B, lanes 4 and 10) . However, the R476A mutant of fragment 4 still bound to fragment 1 in the presence of pncRNA-D (Fig. 3B, lane 7) . These findings indicate that the substitution of Arg-476 with alanine disrupts the pncRNA-Dmediated allosteric alteration of TLS.
Methylation of TLS represses its binding to p300
Because pncRNA-D did not block the associations of N-and C-terminal fragments of TLS when the C terminus was methylated, we examined the effects of this methylation on subsequent protein-protein interactions. We have already demonstrated the RNA-dependent binding of TLS to CBP/p300 (4) . Because the RNA-mediated allosteric alteration of TLS is interfered with by arginine methylation, we hypothesize that the subsequent interactions between TLS and CBP/p300 could be blocked by arginine methylation. Thus, to examine the binding of TLS to CBP/p300 after methylation by PRMT1, we performed pulldown assays using the baculovirus-expressed human p300 protein (Fig. 4A) . These experiments revealed that the binding of TLS to p300 (Fig. 4B, lane 2) was disrupted by MNase treatment (Fig. 4B, lane 3) and that the inhibition of MNase activity restores interactions between TLS and p300 in the presence of pncRNA-D (Fig. 4B, lane 4) . However, methylated TLS failed to bind p300 (Fig. 4B, lane 5) , even in the presence of pncRNA-D (Fig. 4B, lane 6) . Collectively, these data demonstrated that methylation inhibits allosteric alteration of TLS by pncRNA-D and abolishes the interactions between TLS and CBP/p300. Next, we examined the interactions between TLS mutants and p300 in the presence or absence of RNAs. As shown in Fig. 
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RRGGRGGYDR me GGYRGRGGDRGGFRGGRGGGDR Arginine methylation inhibits RNA binding 4C , the WT and TLS mutants (R476A and R481A) bound to p300 due to the presence of bacterial RNA (Fig. 4C , lanes 2, 5, and 8). The interactions were disrupted after MNase treatment (Fig. 4C, lanes 3, 6, and 9) and restored by the inhibition of MNase activity, followed by adding pncRNA-D (Fig. 4C, lanes 4  and 10) . However, compared with the WT and the R481A mutant of TLS, the R476A mutant showed no restoration of the binding with p300 in the presence of pncRNA-D (Fig. 4C, lane  7) . These data provided further evidence that R476A mutation impairs the pncRNA-D-mediated allosteric alteration of TLS, subsequently causing defects in p300 interactions.
Methylation represses the TLS HAT inhibitory activity
RNA-induced allosteric alteration of TLS binds to CBP/p300 and inhibits CBP/p300 HAT activities (4) . Because methylation of TLS repressed its binding to p300, we postulated that methylated TLS could repress the TLS-induced inhibition of p300 HAT.
By HAT assays using a highly active human His-tagged p300 recombinant protein, we measured HAT activity according to counts of radioactivity of filter-bound histones. The HAT assays with p300 and TLS indicated a significant inhibition of p300 HAT activity by TLS ( Fig. 4D , no. 4) compared with that of p300 alone (Fig. 4D, no. 3) . Moreover, the HAT-inhibitory activity of GST-TLS was abolished by treatment with MNase ( Fig. 4D , no. 5) and was restored by inhibiting MNase in the presence of pncRNA-D ( Fig. 4D, no. 6 ). However, methylated TLS did not reduce p300 HAT activity either in the presence or absence of pncRNA-D ( Fig. 4D, no. 7) . These data suggested that the HAT-inhibitory activity of TLS is repressed by methylation. The GST protein alone had no effects on p300 HAT activity ( Fig. 4D, no. 2).
R476A exhibits no inhibitory function on CCND1 promoter activity
In our previous study, TLS showed inhibitory function on the CCND1 promoter and repressed CCND1 transcription (4) . Because the R476A mutant of TLS subsequently affects pncRNA-D binding, which leads to defects in the inhibition of CBP/p300 HAT activities, we postulated that R476A of TLS Arginine methylation inhibits RNA binding may be associated with a functional change in the regulation of CCND1 promoter activity compared with WT TLS.
To examine the effects of TLS mutants on promoter activity, we performed a luciferase reporter assay. The CCND1-driven and the CCNB1-driven promoter plasmids were transfected into HeLa cells to measure the luciferase activities (Fig. 5A) . The CCND1-driven promoter construct contains the pncRNA-D transcription region (from Ϫ1748 to ϩ1). Co-transfection with TLS demonstrated that TLS inhibits CCND1 promoter activity in a concentration-dependent manner (Fig. 5A ). TLS exerted much less inhibitory effect on CCNB1 promoter activity. Based on these data, we employed the most effective conditions of inhibition by TLS on CCND1 promoter for the TLS mutant analysis. As shown in Fig. 5B , TLS mutant R476A but not R481A exhibited a much smaller inhibitory effect on CCND1 promoter activity (Fig. 5B, no.  3 and 4) , compared with WT TLS (Fig. 5B, no. 2) . The sample containing CCND1 promoter plasmid without added transfection reagents was used as a negative control (data not shown).
Discussion
In this study, we demonstrated that PRMT1 methylates TLS in vitro and dramatically decreases pncRNA-D binding (Fig. 1) .
Upon lncRNA binding, TLS inhibits CBP/p300 HAT activities on the CCND1 promoter (4). The disruption of the binding of pncRNA-D to TLS causes defects of conformational alteration of TLS, reducing the binding to CBP/p300. Although the hypothesis remains still elusive, our luciferase assay clearly showed that the R476A TLS could not inhibit the CBP/p300 HAT activity. Therefore, we propose the model that arginine methylation of TLS abrogates TLS-mediated repression of CBP/p300 HAT activities (Fig. 6) .
Arginine methylation is one of the most abundant protein modifications and is frequently observed in heterogeneous nuclear ribonucleoprotein (21) . Arginine methylation of TLS is involved in biological processes such as DNA damage response and transcriptional regulation. The present study revealed that the TLS-mediated inhibition of the p300 HAT activity can be regulated by arginine methylation (Fig. 4D) . To investigate the molecular mechanism behind the restoration of CBP/p300 HAT activities by arginine methylation, RNA pulldown assays were performed, and the results revealed that methylated TLS exhibits almost no binding to pncRNA-D (Fig. 1D ). Methylation of TLS seems to abolish binding not only to pncRNA-D but also to other RNA species, because we observed that methy- Fig. 3A , followed by Western blot analysis using an anti-TLS antibody. C, the interaction between p300 and TLS mutants (R476A and R481A) was examined by a precipitation assay as in Fig. 3B , followed by Western blot analysis using an anti-TLS antibody. D, p300 HAT activity was measured by incubation with WT or methylated TLS, histones, and [ 3 H]acetyl-CoA. WT and methylated TLS were sequentially treated with MNase and then incubated with pncRNA-D for comparison of HAT activity. HAT activity was calculated as counts/min (cpm). Background reaction controls were included containing histones and [ 3 H]acetyl-CoA excluding the p300 to measure background labeling radioactive counts. Data are presented in a box plot. n ϭ 3. *, p Ͻ 0.01.
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lated TLS displayed about 60% less binding to HeLa cell RNA fractions (Fig. S1 ). This highly reduced RNA binding may be due to the hypermethylation of TLS by PRMT1 in vitro. TLS binds to RNA with limited sequence specificity, but the preference of G-rich RNA binding partly results from arginine hydrogen bonding to guanine (20) . Our previous study indicated that pncRNA-D containing the GGUG and GGU motifs could confer the binding preference to TLS (5) . Therefore, disruption of the protein-RNA interactions by arginine methylation is considered to involve the feature that the addition of methyl groups to the guanidino nitrogen atoms of arginine may remove a potential hydrogen bond donor and have a negative effect on protein-RNA interactions.
Recently, it has been reported that the RGG domains of TLS play a pivotal role in RNA binding (20) . It has also been shown that arginine methylation of TLS is mainly detected in the 
RGG3 domain (22) . TLS-CHOP, a fusion protein produced by chromosomal translocation, exhibits no binding to PRMT1 and is hypomethylated, suggesting that the C terminus of TLS is necessary for mediating interactions with PRMT1 (23). Consistent with these findings, our data revealed that the RGG3 domain contributes to the pncRNA-D binding, and substitution of arginine residues with alanine in this domain produces a protein that displays a remarkable reduction of methylation levels (Fig. 2) . However, our previous study indicated that the RGG2-zinc finger-RGG3 domain exhibits affinity with pncRNA-D that is higher than that with the RGG3 domain alone (5) , suggesting that the RGG2 and zinc-finger domains enhance the binding cooperatively. Indeed, the zinc-finger domain has been demonstrated to enhance the protein-RNA interactions, but this domain alone shows no responsibility for the RNA binding activity of TLS (20, 24) .
Our mass spectrometric analyses identified 16 methylated arginine residues in TLS (19) . The arginine methylation pattern of TLS is variable, although four arginine residues (Arg-216, Arg-218, Arg-242, and Arg-394) exhibit consistent dimethylation. The biological function of these four dimethylated arginine residues of TLS remains unresolved, but two arginine residues (Arg-216 and Arg-218) are located in a consensus motif for the Akt recognition motif, indicating a possible cross-talk between arginine methylation and serine phosphorylation. The same Akt substrate motif is found in forkhead box O (FOXO) protein, and arginine methylation by PRMT1 within the motif blocks Akt-mediated phosphorylation and inhibits FOXO cytoplasmic localization and protein degradation (25) . We found that substitution of the four arginine residues (Arg-216, Arg-218, Arg-242, and Arg-394) with alanine exhibited no binding alterations with pncRNA-D compared with WT TLS (data not shown), suggesting that these residues are involved in other biological activities rather than RNA binding. Herein, unlike the arginine residues examined in this study, we speculate that these four arginine residues might determine the protein structure and stability.
Allosteric alteration is one way that proteins control their functions. This process is triggered through interaction of proteins with ligands, including other proteins and nucleic acids. RNA-mediated conformational alteration of TLS is crucial for the activation of TLS. It is conceivable that the loss of RNA binding to methylated TLS results in defects in the TLS conformational alteration. For example, it has been reported that TLS binds to chromatin in an RNA-dependent manner, and PRMT1 knockdown reduces TLS arginine methylation level and increases the amount of chromatin-bound TLS (22) . Taken together with our findings, it could be concluded that RNAmediated TLS conformational alteration is required for subsequent protein-protein and protein-nucleic acid interactions and that methylation of TLS interferes with these processes.
TLS, EWS, and TAF15 (TET/FET) are members of the ribonucleoprotein family of RNA-binding proteins that share structural similarity in containing three RGG domains that are flanked by other functional domains. TET proteins may regulate gene expression in either a coactivation or a corepression manner through interactions with their binding partners. Moreover, the transcriptional regulation of the TET proteins may be controlled by arginine methylation. For example, EWS binds CBP/p300 for HNF-4 -mediated transcriptional activation, but the coactivator activity of EWS is repressed by PRMT1 (26) . In addition, deletion of the RGG domains of EWS abolishes interaction with PRMT1 (26) , suggesting that the C terminus of EWS is required for PRMT1 recognition. Methylation of TAF15 by PRMT1 has been shown to positively regulate the expression of TAF15 target genes (27) . All of the TET proteins have been shown to bind CBP/p300, and the interactions are RNA-mediated (4), suggesting similarities in the regulation of gene expression. Along with our findings, the C terminus of TET proteins is required for PRMT1 recognition, and gene expression could be regulated by methylation of the TET proteins.
Transcription is supposed to be regulated by the interactions between divergent transcriptional factors and cofactors. Our present and previous studies showed that TLS specifically binds and inhibits CBP/p300 HAT activities, inducing a subsequent transcriptional repression of CCND1, indicating that TLS works as a corepressor (4) (Fig. 5B ). We also reported that TLS complex with PRMT1 promotes transcription from the survivin promoter (19) . Moreover, survivin promoter activity was slightly increased with TLS alone, suggesting that TLS might also act as a coactivator. These findings show that TLS should work as either a corepressor or a coactivator, depending on the promoter.
It has been demonstrated that TLS promotes cell cycle arrest in the G 1 phase by reducing the expression of CCND1 (4, 28). Knockdown of PRMT1 significantly decreases the cancer cells in the S phase of the cell cycle (29) . The repression of arginine methylation has also been reported as a possible therapeutic target against cancers (29 -31) . The dysregulation of PRMTs probably leads to hypermethylation of TLS and disruption of the inhibitory activity of TLS against CBP/p300 HAT activities, causing the overexpression of CCND1, which accelerates the proliferation of cancer cells. Therefore, our findings could serve as a model system that allows further experiments to examine the molecular mechanisms relating to the methylation of TLS with cell cycle regulation and therapeutics against cancers.
In conclusion, we have demonstrated that arginine methylation on TLS inhibits its binding to lncRNA. Binding of TLS to pncRNA-D leads to conformational alterations that facilitate inhibitory interactions with CBP/p300. The CBP/p300 HAT activities are significantly inhibited by the binding of TLS but are restored by TLS methylation, which disrupts RNA-protein interactions. These data present a novel link of lncRNA activity to epigenetic regulations utilizing protein methylations in the human genome.
Experimental procedures
Antibodies and reagents
Mouse anti-TLS/FUS antibody (15/TLS; 611384) was purchased from BD Biosciences. Rabbit anti-GST antibody (X5; sc-459) was purchased from Santa Cruz Biotechnology, Inc. Rabbit anti-asymmetric dimethyl-arginine antibody (catalog no. 39232) was purchased from Active Motif. Anti-mono-and dimethyl-arginine antibody (7E6; ab412) was purchased from
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Abcam. Insect cells expressing His-tagged human histone acetyltransferase p300 (AG-40T-0023) were purchased from AdipoGen Life Sciences. SAM was purchased from Sigma-Aldrich. EGTA was purchased from Sigma-Aldrich. The RNase inhibitor (SIN-201) was purchased from Toyobo Life Science, and PreScission Protease (catalog no. 27084301) was purchased from GE Healthcare. Histone from calf thymus (type II-A) was purchased from Sigma-Aldrich.
cDNA constructs
The vector pASK-IBA-5plus (IBA) was used to construct plasmids expressing human Strep-tagged PRMT1. Specifically, the full-length TLS DNA sequence was inserted into the pGEX6p-1 vector via its multiple cloning sites (BamHI/XhoI), and the GST-TLS construct was generated. Subsequently, fulllength human p300 was cloned into pFastBAC vector (Thermo Fisher) and was modified with an in-frame C-terminal FLAG tag. The resulting GST-TLS mutants were constructed by replacing Arg with Ala in pGEX-TLS using KOD Plus mutagenesis kits (Toyobo). The full-length pncRNA-D sequence was inserted into pcDNA3.1(ϩ) vector (Thermo Fisher) via its multiple cloning sites (BamHI/XhoI) and linearized by enzyme cleavage (XhoI) for downstream in vitro transcription. The CCND1-driven promoter sequence (from Ϫ1748 to ϩ1) was inserted into pGL4.10[luc2] vector (Promega) via its multiple cloning sites (KpnI/HindIII) for a reporter assay. The CCNB1driven promoter sequence (from Ϫ2000 to ϩ1) was inserted into pGL4.10[luc2] vector via the same multiple cloning sites as CCND1 for the reporter assay. The full-length TLS DNA sequence was inserted into the pcDNA3.1(ϩ) vector via its multiple cloning sites (BamHI/XhoI), and the resulting TLS mutants were constructed by replacing Arg with Ala using KOD Plus-mutagenesis kits. Primer pairs are listed in Table 2 .
Recombinant protein overexpression and purification
Full-length GST-TLS and TLS fragments were overexpressed and purified as described previously (32) . Briefly, constructs were transfected into Escherichia coli strain Y1090, and transformants were grown at 37°C in Luria-Bertani medium containing ampicillin (0.1 mg/ml). Protein expression was induced with 1 mM isopropyl ␤-D-1-thiogalactopyranoside at an OD of 0.5 for 3 h at 20°C. Cells were then harvested by centrifugation (3,500 ϫ g for 15 min), and cell pellets were lysed by sonication in whole-cell extract (WCE) buffer containing 25 mM HEPES (pH 7.9), 50 mM NaCl, 2.5 mM MgCl 2, 0.1 mM EDTA, 0.05% Triton X-100, and proteinase inhibitors. After ultracentrifugation at 40,000 ϫ g for 40 min, supernatants containing the expressed proteins were purified using glutathioneagarose beads (Sigma-Aldrich). Strep-PRMT1 was then induced by incubating with 200 ng/ml anhydrotetracycline (IBA) for 4.5 h at 28°C, and the protein was collected and purified using Strep-Tactin Sepharose (IBA). To express full-length p300, Sf9 insect cells (Thermo Fisher) were grown in Grace's insect medium (Thermo Fisher) containing 10% fetal bovine serum. Suspensions of 1-2 ϫ 10 6 cells/ml were infected with passage 3 virus stock at a multiplicity of infection of 0.5. Cells were then harvested after 72 h and lysed by sonication. Protein concentrations were determined using BCA protein assay kits (Thermo Fisher).
In vitro methylation
In vitro methylation reactions were performed as described previously (33) . Briefly, purified GST-TLS (3 g) was incubated with purified Strep-tagged PRMT1 (3 g) in the absence or presence of SAM (2 mM) for 2 h at 30°C. Reactions were stopped by the addition of SDS sample buffer containing 0.25 M Tris-HCl (pH 6.8), 4% SDS, 10% 2-mercaptoethanol, and 20% glycerol, and the mixtures were then boiled at 100°C for 2 min followed by SDS-PAGE and Western blot analysis.
RNA pulldown assays
RNA pulldown assays were performed as described previously (5) . Briefly, in vitro transcription of full-length pncRNA-D was performed using MEGAscript kits (Ambion). The linearized pcDNA3.1(ϩ) plasmid containing the fulllength pncRNA-D sequence was used for a transcription template. To obtain the biotinylated pncRNA-D, the Bio-16-UTP (2 l, 20 nmol; Ambion) was added to the reaction mixture. Dynabeads-M280 (Thermo Fisher) were then washed with PBS containing 0.02% Tween 20, and 10 pmol of biotinylated pncRNA-D was added to the beads and incubated for 15 min at room temperature with rotation. Subsequently, beads were incubated with WT or methylated purified protein (or protein lysate from mutant pulldown experiments) for 1 h at 4°C with rotation. Beads were then washed three times in 1 ml of WCE buffer and resuspended in SDS sample buffer and boiled at 100°C for 2 min. Finally, the Dynabeads were removed, and supernatants were applied for Western blotting and silverstaining analyses. For pncRNA-D fragment 5Ј(1-1) pulldown assays, Dynabeads-M280 were prepared in PBS with 0.02% Tween 20 and were resuspended in WCE buffer (10 l) with 2 l of RNase inhibitor mixture containing 10 g of tRNA. Biotinylated RNA oligonucleotide of 5Ј(1-1) (100 M) was added to the Dynabeads suspensions and incubated at room temperature for 15 min with rotation. The peptide (5 g) was added to the Dynabeads mixtures and initially incubated at room temperature for 10 min, followed with additional incubation for 50 min at 4°C. After washing three times with 1 ml of WCE buffer, Table 2 Primer pairs for site-directed mutagenesis
Primer pair Sequence
GST-TLS mutant primer pairs mut1
Forward
TLS mutant primer pairs for luciferase assay R476A
Arginine methylation inhibits RNA binding the Dynabeads were resuspended in SDS sample buffer and boiled at 100°C for 1 min. Samples were analyzed with 15% SDS-polyacrylamide gel and stained with the SimplyBlue TM SafeStain (Thermo Fisher). Images in TIF format were quantified using the ImageJ software.
Proteinase digestion
GST tags were eliminated using PreScission proteinase (GE Healthcare) according to the manufacturer's instructions. Briefly, 1-ml lysates containing GST-TLS fragment 4 were incubated with 400 l of GSH-agarose beads (200-l bed volume) and purified for 2 h at 4°C with rotation, followed by three washes with 1 ml of WCE buffer and then two washes in 1 ml of digestion buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, and 1 mM DTT (pH 7.0). Aliquots of agarose beads were resuspended in 200 l of digestion buffer containing 20 units of enzyme and incubated at 4°C for 18 h with rotation. Digested mixtures were then spin-filtered (20,000 ϫ g, 1 min) to collect the protein. The presence of digested proteins was confirmed using SDS-PAGE, SimplyBlue staining TM SafeStain (Thermo Fisher), and/or Western blotting.
N-and C-terminal TLS-binding assays
The GST tag of GST-TLS fragment 4 was removed before the following treatments. The TLS fragment 4 was treated with MNase (40 units) at 37°C for 1 h, and the reaction was terminated by the addition of EGTA (10 mM). Subsequently, both methylated and unmethylated TLS fragment 4 (C terminus; 10 g) were incubated with GST-TLS fragment 1 (fragment 1; N terminus), which was purified from 100-l lysates in the presence or absence of 10 pmol of pncRNA-D for 2 h at 4°C with rotation. For the mutation binding assays, the GST tag of WT and mutants of GST-TLS fragment 4 was removed before the MNase treatment. Incubation with pncRNA-D (10 pmol) was performed on ice for 30 min after inhibition of MNase activity by EGTA (10 mM). The fragment 4 (WT and mutants) was then incubated overnight at 4°C with GST-TLS fragment 1, which was purified from 50 l of lysate. All samples were washed three times in 1-ml aliquots of WCE buffer and then suspended in SDS sample buffer for SDS-PAGE and SimplyBlue TM SafeStain (Thermo Fisher) analyses.
TLS and p300-binding assays
Reactions were performed by capturing baculovirus-expressed FLAG-tagged p300 on anti-FLAG-M2 affinity agarose beads (Sigma-Aldrich). Affinity agarose beads (25 l) were incubated with 50-l aliquots of p300 lysates at 4°C for 1 h with rotation. After washing three times with 1 ml of WCE buffer, the beads were incubated with unmethylated or methylated TLS in the presence of pncRNA-D (10 pmol). For the mutationbinding assays, on-bead FLAG-tagged p300 (50 l of lysate) was incubated with full-length TLS (WT and mutants), which was purified from 100 l of lysate for 2 h at 4°C with rotation. Incubation with pncRNA-D (10 pmol) was performed on ice for 30 min after inhibition of MNase activity by EGTA (10 mM). The beads were then washed three times with 1 ml of WCE buffer, and reactions were terminated by adding SDS sample buffer. Supernatants were then used for Western blotting analyses.
HAT activity assays
Pulldown HAT assays were performed as described previously (4), with modifications. Briefly, samples of unmethylated and methylated GST-TLS were eluted from GST beads and then incubated with or without pncRNA-D for 1 h. Samples were washed three times in HAT assay buffer containing 50 mM Tris-HCl (pH 8.0), 10% glycerol, 0.1 mM EDTA, and 1 mM DTT and then incubated with 100 ng of His-tagged p300 (AdipoGen Life Sciences) on ice for 1 h. Histones (10 g; type II-A; Sigma-Aldrich) and [ 3 H]acetyl-CoA (0.5 Ci; PerkinElmer) were then added, and reaction mixtures were incubated at 30°C for 30 min. After brief centrifugation, supernatants were spotted onto p81 Whatman filters (GE Healthcare). Filters were then dried at room temperature for 20 min and were washed in 50 mM sodium carbonate/bicarbonate buffer (pH 9.3) three times for 20 min each. Subsequently, filters were rinsed twice for 20 s in acetone and dried for 20 min at room temperature. Dried filters were then placed into scintillation vials with 2 ml of Ultima Gold XR liquid (Packard BioScience). Finally, [ 3 H]acetylated histones were quantified according to radioactive counts/min using a liquid scintillation counter (Beckman). Background reaction controls were included containing histones and [ 3 H]acetyl-CoA excluding the p300 to measure background labeling radioactive counts.
MNase treatment
GST-TLS fragment 4 was purified using GSH-agarose beads, and the agarose beads were treated with 40 units of MNase in buffer containing 20 mM Tris-HCl (pH 8.0), 5 mM NaCl, and 2.5 mM CaCl 2 at 37°C for 1 h. Reactions were terminated by the addition of 10 mM EGTA.
Western blot analysis
Western blot analyses were performed as described previously (5) . Briefly, after electroblotting of proteins from SDS-PAGE gels, nitrocellulose membranes (Bio-Rad) were incubated with antibodies at 1:1,000 dilution for 2 h at room temperature. Membranes were washed three times with PBS containing 0.02% Tween 20 (PBST) for 5 min each and then incubated with secondary anti-mouse (Dako, P0161) or antirabbit horseradish peroxidase-conjugated IgG (Cell Signaling, 70745) antibodies diluted 1:4,000 in 1% skim milk in PBST. Signals were detected using SuperSignal West Pico substrate (Thermo Fisher).
Luciferase reporter assay
HeLa cells were cultured as described previously (19) . Transfection was performed using Lipofectamine 3000 (Invitrogen) according to the manufacturer's protocol. HeLa cells were seeded in a 96-well plate at 1.0 ϫ 10 4 cells/well. Twenty-four hours later, cells were transfected with a plasmid mixture containing 25 ng of CCND1-driven firefly luciferase reporter construct, 25 ng of Renilla luciferase construct (pRL-TK; Promega), and 125 ng of TLS or 125 ng of mutated TLS expression plasmid. Total amounts of DNA (175 ng) were kept constant in all experiments by using corresponding empty vectors. The cells were harvested and lysed 48 h after transfection, and lucif-Arginine methylation inhibits RNA binding erase activity was determined using the Dual-Luciferase assay kit (Promega). Luciferase activities were normalized to Renilla luciferase activities. The promoter reporter DNA without adding transfection reagent was used as negative control. Data are presented in a box-and-whisker plot of three independent results.
Statistics
Data are expressed as mean Ϯ S.D. Pairwise differences were identified using Student's t test and were considered significant when p Ͻ 0.05.
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